ABSTRACT The stability of the filament lattice in relaxed striated muscle can be viewed as a balance of electrostatic and van der Waals forces. The simplest electrostatic model, where actin and myosin filaments are treated as charged cylinders, generates reasonable lattice spacings for skinned fibers. However, this model predicts excessive radial stiffness under osmotic pressure and cannot account for the initial pressure (~1 kPa) required for significant compression. Good agreement with frog compression data is obtained with an extended model, in which S1 heads are weakly attached to actin when the lattice spacing is reduced below a critical value; further compression moves fixed negative charges on the heads closer to the myofilament backbone as they attach at a more acute angle to actin. The model predicts pH data in which the lattice shrinks as pH is lowered and protons bind to filaments. Electrostatic screening implies that the lattice shrinks with increasing ionic strength, but the observed expansion of the frog lattice at ionic strengths above 0.1 M with KCl might be explained if Cl À binds to sites on the motor domain of S1. With myosin-myosin and actin-actin interactions, the predicted lattice spacing decreases slightly with sarcomere length, with a more rapid decrease when actin-myosin filament overlap is very small.
INTRODUCTION
In isometric striated muscle, the stability of the sarcomere is achieved by separate balances of radial and axial forces. In this article, our primary concern is the radial force balance that determines the spacing of the filament lattice in the absence of constraints imposed by the presence of the surface membrane or structures connecting the filaments. In relaxed muscle, myosin crossbridges are detached from, or weakly and nonstereospecifically attached to, the actin filament, and generate no force in either direction. It has long been thought that radial equilibrium in myofibrils was achieved by a balance of repulsive Coulomb interactions between negatively-charged myosin and actin filaments and attractive van der Waals interactions (1, 2) .
The theory of these interactions has been developed by treating the filaments as long cylinders and neglecting fringing fields at their ends. The electrostatic models that have been applied to skeletal muscle (1, (3) (4) (5) (6) explain a number of features of the filament lattice properties, but fail to predict the variation of lattice spacing with osmotic pressure, as produced by long-chain polymers in the bathing solution that do not enter the filament lattice. The predicted reduction of lattice spacing with osmotic pressure is much less than observed, particularly at high ionic strength, and there is an initial bump in the pressure required for a compression of 2% (1, 7) . Here we show that an extended electrostatic model where myosin-S1 (S1) can attach to actin can predict the observed variations of lattice spacing with osmotic pressure, including the pressure bump at 1-2 kPa.
The new model uses analytical formulae that describe electrostatic and van der Waals interactions between filaments at all relevant separations, providing that the Debye electrostatic screening length (1/l) is much less than the interfilament spacing d (8) . As in the past, the myosin and actin filaments are modeled as uniformly charged cylinders, but charges associated with S1 heads are modeled as three separate virtual cylinders rather than lumped in with the thick filament backbone (Fig. 1, A and B) . Separating S1 charge from charge on the backbone is essential for predicting the radial compression produced by osmotic pressure. There is evidence for a critical pressure P c that compresses the lattice to the point that the heads just span the actinmyosin filament separation and attach weakly to actin (9, 10) .
Our hypothesis is that any further pressure increase would cause S1 heads to attach to sites axially displaced along the actin filament to avoid elastic compression, but with a cost in electrostatic energy as S1 charge is moved closer to the myosin backbone (Fig. 1, C and D) . Just below the critical spacing d c , the increased slope of the interaction energy as a function of d generates a step discontinuity in its first derivative, which is the pressure bump observed experimentally (7) . In response to further increases in pressure, the compression of the lattice would be greater than that produced if S1 charge remained at a fixed distance from the backbone. In this way, the predicted lattice spacing as a function of osmotic pressure can be reconciled with experimental data.
In the absence of applied osmotic pressure, the filament lattice generally remains at spacings slightly above the critical spacing. Under these conditions, the use of analytic formulae allowed us to reexamine the predictions of previous electrostatic models in which the filaments are treated as electrically charged cylinders. With filament charges obtained from Donnan-equilibrium measurements (11, 12) , and appropriate radii for the filaments and the virtual cylinders for S1 charge, this model predicts equilibrium myosinactin spacings of 27-28 nm, as observed at ionic strengths near 0.15 M in frog and rabbit muscles (1). These interactions are proportional to the length of filaments in overlap, so the binding energy decreases linearly with sarcomere length as overlap is reduced, but the equilibrium spacing is unchanged.
If myosin-myosin and actin-actin interactions are added to the model, the equilibrium spacing decreases slowly with sarcomere length, roughly as observed except very near zero overlap, where the predicted spacing is much smaller. If the predicted lattice spacing near zero overlap reaches the critical spacing d c , that spacing may be held at longer sarcomere lengths until electrostatic control is transferred to actin-actin and myosin-myosin interactions. When this happens, the lattice spacing should decrease abruptly to a much lower value. For frog fibers, the lattice spacing beyond zero overlap is reduced (7), but not as much as predicted.
When the pH of the bathing solution is lowered, hydrogen ions bind to the filaments to reduce their negative charges, with a consequent reduction in lattice spacing (1, 13) . This effect can be modeled quite simply; the extended model behaves as expected, with the proviso that once the critical spacing is reached, any further decrease in pH would generally produce little change in lattice spacing because of weak myosin-actin binding.
In contrast, the observed effects of changing ionic strength are quite complex, and go well beyond the simple assumption that ionic strength acts solely to determine the Debye screening length in the sarcoplasm (1) . With the extended electrostatic model, possible mechanisms such as specific ion binding and filament swelling have been explored computationally, but the model always predicts that the lattice spacing is a decreasing function of ionic strength. This prediction is a universal consequence of the form of the screened electrostatic interaction potential, but it is contradicted by observations on skinned fibers with KCl, at ionic strengths above 0.1 M in the frog and at practically any ionic strength in the rabbit (1) . With KCl, lattice expansion at high ionic strength is probably a result of Cl À binding to S1 heads if some binding sites are near the actinbinding interface.
AN EXTENDED ELECTROSTATIC MODEL
The electrostatic parameters of the model are the charge densities s A, s M per unit length of an actin filament and a myosin filament backbone, the net charge density 3s S1 from S1 heads on that backbone, and the spatial distribution of S1 charge. The center of charge on a head is assumed to be at distance l c down its lever arm from the S1-S2 junction (Fig. 1 C) . To make the model tractable, the charges on discrete heads are replaced by three virtual cylinders ( Fig. 1 B) , each having radius R S1 and charge density s S1 . The Debye screening length 1/l of the electrolyte controls the strength of Coulombic interactions, and a single parameter, the Hamaker constant A, defines the strength of van der Waals interactions. The structural parameters of the model are the actin and myosin filament radii R A and R M and the length l S1 of the S1 head, plus the lengths of the actin and FIGURE 1 (A) Rhombohedral unit cell of the 2:1 filament lattice for the A-band of striated muscle, showing one myosin filament (open circles) and two actin filaments (solid circles) per unit cell. With a nearest-neighbor myosin-actin spacing d, the myosin-myosin spacing is O3d and the spacing of (1,0) planes is 3d/2. Each myosin filament carries three S1 dimers every 14.3 nm along the filament; only one head of each dimer is shown here. (B) The 2:1 lattice with the S1 dimers replaced by three virtual cylinders parallel to the filaments, which carry the negative charge associated with S1 heads. (C) A perpendicular view of a myosin filament (radius R M ) and an actin filament (radius R A ) with one S1 head of length l S1 , under relaxing conditions with lattice spacing d > d c h R M þR A þl S1 . The center of S1 charge is sited on its neck at distance l c from the S1-S2 junction. (D) The same view for d < d c , where a flexible joint at the S1-S2 junction allows the head to attach weakly to that actin site that accommodates it without deformation. The virtual cylinder associated with S1 charge is now at distance d 1 from the axis of the myosin filament, and at distance d 2 from the actin filament axis. Hence,
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Key formulae for the interaction potentials between two charged cylinders have been derived elsewhere (8), and will not be discussed here. To begin, consider the interaction between myosin and actin filaments, which occurs only in the A-band of each half sarcomere. For one actin filament and one myosin filament with an interaxial spacing d, the potential energy v AM per unit length is
where n CAM and n WAM are the Coulombic and van der Waals potentials, respectively:
In Eq. ) are related by the equation I ¼ 0.0920l 2 (8) . In Eq. 3, A is the Hamaker constant that measures the polarizability of the filaments. This equation is an approximation to the exact integral expression for the van der Waals interaction between parallel cylinders (5, 8) , and is asymptotic to d À5 at large separations. To calculate the equilibrium lattice spacing, we require interaction energies per unit cell of the filament lattice in one half-sarcomere. The unit cell of the 2:1 lattice is rhombohedral with two actin filaments per myosin filament, and there are six actin-myosin (A-M) filament interactions in the unit cell (Fig. 1) . Thus, the A-M interaction energy is
proportional to the length of filament overlap. Interaction energies V MS1 and V AS1 of S1 heads with the myosin backbone and with actin can be included by the following device, in which the heads are replaced by virtual cylinders of radius R S1 (Fig. 1 B) , with center-to-center separation l c from the backbone (Fig. 1 C) . Three cylinders are required because each myosin filament is decorated by a crown of S1 heads every 14.3 nm, with three pairs of heads azimuthally spaced by 120 (14) . Thus, 
where S1 heads can just touch the actin filament. Fig. 1 , C and D, shows that
and d 2 ¼ dÀd 1 in both cases. There are also interaction energies V AA and V MM between filaments of the same kind. The actin-actin spacing is the same as the actinmyosin spacing d, whereas the myosin-myosin spacing is O3d. In each unit cell, there are three A-A interactions and two M-M interactions, so
Interactions between heads on the same crown are also present, but not included here; their role is to maintain the angular spacing between heads at 120 . In combination with the previous interactions, these interactions produce a net potential whose shape depends on sarcomere length. Note that the myosin-myosin potential should also include contributions from S1 heads on each myosin backbone. This contribution was modeled by lumping the backbone and the three virtual cylinders into a single cylinder of radius R MT ¼ 0.5(R M þd 1 ) and charge density s MT ¼ s M þ3s S1 . However, the value of d 1 depends on whether the heads are in overlap with F-actin, so the overlap and nonoverlap contributions should be separated when using Eq. 10.
The total potential per unit cell of the half-sarcomere is
where van der Waals potentials for M-S1 and A-S1 interactions were calculated with the virtual-cylinder approximation used for Coulomb interactions. The equilibrium lattice spacing is determined by minimizing this potential as a function of d (Fig. 2 A) . If the minimum energy is negative, its absolute value represents the binding energy per unit cell due to electrostatic interactions. The actin-myosin interactions are shown in Fig. 2 B. Finally, note that all actin and myosin filaments in the A-band are assumed to stay parallel to each other. In practice, this requires flexible actin, because these filaments are tethered to different azimuthal locations in the Z-band.
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PREDICTED LATTICE SPACINGS
In this section, model predictions are compared with experimental data on skinned frog fibers under relaxing conditions. The model parameters used are listed in Table 1 . The filament radii and the van der Waals constant A were held at the same fixed values for all experimental comparisons. Ionic strength I, which determines the Debye screening constant l, and the half-sarcomere length L were fixed by the conditions of the experiment under consideration. The length l S1 of S1 heads was set to give a critical spacing d c h R A þR M þl S1 of 26.8 nm, the minimum required by the observed pressure bump (7).
The remaining parameters s A , s M , s S1 , l c , and R S1 were treated as freely adjustable within domains of reasonable values. Values of the filament charge densities are available from measurements of Donnan potentials. At pH ¼ 7 and ionic strengths of 0.15-0.18 M, published values for the actin filament vary from À6.6 e/nm to À20 e/nm and values for the myosin filament vary from À59 e/nm to À68 e/nm (12, 15) . Alternatively, carboxyl ions with an areal charge density of 0.25 e/nm 2 (3) would give À7.85 e/nm for the actin filament and À13.56 e/nm for the myosin filament with the above radii. The more negative myosin values found experimentally are due to negative charges on S1 heads. If
, and s S1 /e ¼ À11.3 nm À1 , then the net myosin charge density from the backbone and the heads would be (s M þ3s S1 )/e ¼ À47 nm À1 . The corresponding negative charge per S1 head would be 0.5 Â 14.3 Â 11.3e ¼ 81e, as suggested by Bartels and Elliott (12) . The parameters l c and R S1 , which specify the mean position and spread of charge on S1, were treated as freely adjustable within the ranges 0 < l c < l S1 and R S1 < l S1 . Because the Coulomb interaction drops very rapidly with filament separation, the lattice spacing is far more sensitive to these two parameters than to the charge densities.
The simple form of the model, in which myosin heads stay clear of actin, is generally sufficient to predict the lattice spacing d o of a relaxed skinned fiber at atmospheric pressure (9) . For frog fibers at pH ¼ 7, an ionic strength of 0.15 M and sarcomeres near full overlap (L ¼ 1300 nm), the resting spacing is generally between 27 and 28 nm (1), varying with the composition of the bathing solution.
The variation with osmotic pressure
Osmotic pressure data provide a searching test of the extended electrostatic model, because they severely constrain the choice of model parameters. The application of osmotic Table 1 (second column) and full filament overlap (half-sarcomere length ¼ 1050 nm). (A) The total potential V, the actin-myosin contribution V AM þV AS1 þDV MS1 (Eqs. [4] [5] [6] , where DV MS1 is the change in V MS1 due to myosin-S1 tilting, and the actin-actin and myosin-myosin contributions (Eqs. 9 and 10). The sharp increase in potential for d < d c ¼ 26.8 nm is produced by S1 attaching to actin (Fig. 1 D) , which moves the virtual cylinders closer to the myosin backbone. (B) The actin-myosin contributions. The actin-myofilament contribution V AM is purely attractive as the filaments are widely separated. Net Coulomb repulsion is supplied by charge on S1, from A-S1 interactions for d > d c , and more powerfully from M-S1 interactions for d < d c as S1 heads tilt toward the backbone.
Biophysical Journal 100(11) 2688-2697 pressure to a skinned fiber explores the form of the lattice potential as a function of lattice spacing. To obtain a specific formula, consider a cylindrical fiber of radius R under osmotic pressure P. The applied compressive force 2pRLP per half-sarcomere equals the outward force ÀNdV/dR exerted by the lattice with N unit cells in the cross section. The area of the unit cell is 3O3d 2 /2, so pR 2 ¼ (3O3/2)Nd 2 and
We will also require the differential radial elastic modulus of the fiber,
which is closely related to the curvature of the potential energy.
Apart from a power law factor, the pressure for a given lattice spacing d is proportional to the absolute value of the slope of the potential at that spacing. For the simple electrostatic model, that slope is dominated by the exponential factor exp(Àld) of the repulsive potential, because the van der Waals potential is more slowly varying. This observation can be tested directly against osmotic pressure data without recourse to a detailed electrostatic model. Measured lattice spacings as a function of osmotic pressure can be fitted by the empirical equation For example, data of Umazume and Kasuga (16) at 0.14 M (Fig. 3 A) is fitted by Eq. 13 with a ¼ 0.11 5 0.01 kPa, b ¼ 0.66 5 0.01 nm À1 , and P c ¼ 1.28 5 0.08 kPa, whereas l ¼ 1.23 nm À1 at that ionic strength. Similarly, data of Maughan and Godt (17) at the same ionic strength and therefore the same value of l (Fig. 3 B) , is fitted with a ¼ 0. The data of Millman and Irving (Fig. 3 C) contains points at low osmotic pressure, which do not extrapolate to zero pressure at any reasonable lattice spacing. Thus, their data (7) with I ¼ 0.11 M and L ¼ 1300 nm, which show that a pressure bump must exist at a critical spacing d c that lies between 26.8 nm and the zero-pressure spacing (z28 nm). All fits were made with d c ¼ 26.8 nm. In panels B and C, data at higher osmotic pressures did not allow the same goodness of fit and were discarded.
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provides the best evidence for the existence of a pressure bump at a lattice spacing d c between d ¼ 26.8 nm (the spacing for the lowest applied pressure) and the equilibrium spacing d o at zero pressure, nominally 27-28 nm. If we assume the lowest possible value (26.8 nm) for d c , then at higher ionic strengths there is room for a smaller value of d o that remains above the critical spacing. This choice of d c also maximizes the predicted bump pressure P c . A pressure bump, namely a step increase in pressure as d falls below d c , requires compression to be resisted by increased Coulombic repulsion from M-S1 interactions, rather than decreased repulsion from A-S1 interactions, as charge on S1 is moved closer to the myosin backbone. Thus, a positive pressure bump requires M-S1 to be the stronger repulsive interaction; this condition is aided by choosing a small value of l c . Table 1 shows that the optimum values of l c are generally < 0.5l S1 . Fig. 3 demonstrates that the extended model can fit the three sets of osmotic-pressure data by adjusting the five parameters s A , s M , s S1 , l c , and R S1 , other variables being fixed as described under Table 1 . Reasonable fits were obtained only when the data was restricted to osmotic pressures below 20 kPa; data at higher pressures is available (7) but could not be fitted satisfactorily. The fits are not particularly sensitive to the charge densities, but very sensitive to the values of l c and R S1 , which give the mean position and spread of S1 charge. For given charge densities, there exist unique values of l c and R S1 that optimize least-squares fitting to an experimental data-set. Better fits were sought by varying the charge densities at these values of l c and R S1 . For the data of Fig. 3 A, contour plots of c 2 against (s A ,s M ) or (s A ,s S1 ) yielded a long valley whose axis had a negative slope, whereas the plot against (s M ,s S1 ) gave a continuous flat valley of negative slope. For Fig. 3 , B and C, such plots showed that the fit was very insensitive to s A . Thus, the model always showed at least one degree of freedom in the charge densities when fitting osmotic data.
Having tested the model against osmotic pressure measurements, comparisons of radial stiffness are redundant because the stiffness is essentially the slope of the pressure-spacing curve. The empirical formula derived from Eq. 13 is
as a function of d. The observed radial stiffness S increases exponentially with the fall in lattice spacing. For the data of Umazume and Kasuga (16), the fit to Eq. 13 shows that S rises from 0.14 kPa at zero pressure to 58 kPa when d/d o ¼ 0.80 (Fig. 3 A) . Between these limits, comparable stiffnesses have been derived from atomic force microscopy (18, 19) .
The variation with ionic strength
The electrostatic model can address the effects of ionic strength on the lattice spacing only by its effects on model parameters, namely the Debye screening constant l, the charge densities s A , s M , and s S1 , the distribution of S1 charge as described by the parameters l c and R S1 , and possibly the filament radii also. Changes in ionic strength determine the Debye constant and may also modulate filament charges. To begin, consider how the lattice spacing changes as a function of ionic strength and filament charge densities, treated as separate parameters. Fig. 4 A shows the predicted variation of lattice spacing d, starting from the second column of Table 1 . The spacing is a decreasing function of ionic strength, which reduces the strength of Coulomb interactions by reducing the screening length, and an increasing function of the magnitudes of filament charges. To illustrate the latter, the three charge densities were multiplied by a factor f, ranging from 0.25 to 4. The figure shows that at high ionic strengths the lattice Table 1 with a proton affinity of 10 4.5 M À1 . For each type of filament, the number of proton binding sites was determined from isoelectric points of myosin and actin (see main text). As negative charges on filaments are neutralized by lowering the pH, the lattice spacing drops slowly and then rapidly toward the critical spacing of 26.8 nm.
shrinks to the critical spacing (here 26.8 nm), which is stable except when the charges are very small. Independent manipulations of s A , s M , and s S1 have the same effect; the predicted spacing never increases with ionic strength. This key result is a fundamental property of electrostatic models in which interfilament Coulomb potentials are proportional to a universal function of the form V(I) ¼ s(I) 2 exp(Àl(I) d). For ionic strength I, s(I) is a filament charge density and l(I) f OI. If high ionic strength is achieved through the use of KCl, and Cl À ions bind to filaments, then js(I)j would be an increasing function. Nevertheless, V(I) is a decreasing function of I when l(I)d >> 1; the exponential removes any power-law increase from the charge factor. Thus, simple electrostatic models predict that the lattice expands when filament charges are increased at a given ionic strength, but when this increase is generated at higher ionic strength from the binding of specific anions such as Cl À , the charge effect is overridden by increased electrostatic shielding and the lattice shrinks.
In view of these comments, how can we account for the observed ionic-strength dependence of the lattice spacing of relaxed skinned fibers (1)?
The lattice expands with ionic strength above 0.11 M in frog fibers (20) , and over a very wide range of ionic strengths in rabbit psoas fibers (10) . The fibers swell at high ionic strengths achieved with KCl (1), and myosin filaments disintegrate at 0.6 M KCl; however, the fractional increase in lattice spacing is larger than expected from swollen filaments (1) .
We suggest that the observed expansions can be explained if Cl À binds to sites close to the actin-binding interface of myosin heads, where Coulombic repulsion with actin is maximized. Donnan-equilibrium measurements give some support for this idea; actin charge is not changed by added KCl, but net myosin charge density increases from À40 e/nm to -120 e/nm when [KCl] is increased from 0.05 M to 0.1 M (11). If there are chloride binding sites on the motor domain of S1, the extended model can be used to predict the effects of chloride binding by increasing the value of l c . This mechanism is very potent. With the parameters of the fourth column in Table 1 , increasing ionic strength from 0.11 M to 0.2 M, s S1 from -10 to -12 e/nm and l c from 5 nm to 10 nm increases the lattice spacing from 28.44 to 31.07 nm. A further increase at 0.2 M is obtained by increasing the values of R S1 and R M . It seems plausible that the observed expansions at high ionic strength can be explained in this way.
Although these examples are highly suggestive, note they come from a very simple model. Ionic-strength effects generated by anion binding requires a further extension of the model, just as the extended model was developed from earlier models by separating S1 charge from charge on the myosin backbone. When KCl is used to vary ionic strength, chloride-specific effects can also be seen in the length dependence of the lattice spacing.
The variation with pH
An increase of lattice spacing with pH (13) is generally predicted by electrostatic models in terms of hydrogen-ion binding (1) . Reducing the pH increases [H þ ] and reduces the net negative charge on both filaments, while the change in ionic strength is restricted to a few mM. Thus, the lattice spacing should decrease until an isoelectric point pI is reached where the charge on a filament is reduced to zero. For F-actin, pI z 5.2 (15, 21) . For myosin, pI z 5.0 for the S2 rod and pI~4.2-5.0 (say 4.4) for the light chains (22) . For pH < 5.2, actin charge is positive and the lattice spacing should fall as pH is reduced. For pH < 4.4, F-actin, the myosin backbone, and presumably S1 heads also, all carry positive charge, so that a decrease in pH should expand the lattice. Alternatively, the lattice could stabilize at the critical spacing for S1-actin binding.
This behavior was tested by explicit calculations with the extended model. Over the pH range from 7.5 to 4.5, H þ binds predominantly to the side-chain groups of dicarboxylic acids and histidines on actin and myosin filaments. Assuming an average affinity K H ¼ 10 4.5 M À1 for these groups, which gives 50% saturation of H þ binding sites when pH ¼ 4.5, the filament charges are modulated according to the expression
where Ds i is the linear density of binding sites on a filament of type i, and the s i are essentially as in Table 1 (for pH ¼ 7). The site densities can be estimated from the isoelectric points pI ¼ 5.2, 5.0, and 4.4 for A, M, and S1, respectively, giving
However, the variation of charge densities with pH can be more correctly assessed from the amino-acid composition of the proteins. Fig. 4 B illustrates how the lattice spacing predicted from the extended model might change with pH. The critical spacing is reached at pH ¼ 5.2-5.3, depending on ionic strength, which may explain why the lattice does not expand at lower pH values. The remarkable feature is the precipitous shrinkage that occurs for pH just above the critical value. This drop again represents a loss of control by Coulombic repulsion, analogous to that predicted at long sarcomere lengths near-zero filament overlap. Published measurements of pH effects in the frog (13) The variation with sarcomere length As a relaxed fiber is stretched, its equilibrium lattice spacing drops slightly as the amount of overlap between thick and thin filaments in the half-sarcomere decreases. No change is expected if the filaments interacted solely through actinmyosin interactions. For skinned frog fibers, there are measurements at 0.16 M ionic strength from fiber widths (24) , and at 0.2 M using x-ray diffraction (25) . The results are similar, and it has been verified that the width of the fiber is generally proportional to the lattice spacing (26) . The extended model predicts a convex decrease in lattice spacing with sarcomere length that is compatible with both data-sets, although the spread of data points is too large to discriminate between the predicted curve and a linear decrease. Fig. 5 A shows the data of Matsubara and Elliott (24) , and the predicted length variation from the extended model, with parameter values in the fifth column of Table 1 . Their lattice spacings were slightly higher than other measurements at the same ionic strength, and this appears to be due to a higher concentration of KCl (0.14 M against 0.1 M in Umazume and Kasuga (16) and Maughan and Godt (17) ). Thus, the data were simulated by increasing the values of s S1 and l c , as suggested in the previous section. These higher spacings also enabled us to keep the value of l S1 used to fit the osmotic pressure data, which implies a critical spacing of 26.8 nm. The spacings shown in Fig. 5 decrease to 26.8 nm at L ¼ 1776 nm, very close to zero filament overlap, but this spacing is not stable and there is a precipitous drop to 17.5 nm at zero overlap (1800 nm) and beyond, as control of the lattice is transferred to actin-actin and myosin-myosin interactions. Beyond zero overlap, a significantly larger spacing (~23 nm) is observed in skinned frog fibers (7), which suggests that radial structural forces are present.
The stability of the lattice resulting from electrostatic interactions can be gauged from its binding energy as a function of sarcomere length (Fig. 5 B) . At full filament overlap (L < 1050 nm), the binding energy per unit cell of the halfsarcomere is barely more than thermal energy k B T ¼ 4.0 zJ at 17 C (k B ¼ Boltzmann's constant, T ¼ absolute temperature). This is a consequence of the small negative charge density on actin (À4.6 e/nm) required to fit osmotic data in Umazume and Kasuga (16) , and actin charge is insensitive to chloride (11) . With longer sarcomeres, the lattice is even more weakly bound. The lack of sufficient binding energy is a major failure of the electrostatic model presented here, and possible remedies are discussed below.
DISCUSSION
Our provisional conclusion is that the behavior of skinned muscle fibers in the relaxing condition is a consequence of electrostatic forces between the filaments, provided that the sarcomeres have not been stretched to lengths near zero filament overlap. Except for osmotic compression data, the extended model developed here yields substantially the same successes and failures as earlier models (1, 6, 7) , which also required myosin charge to be mostly on S1 heads. Such models account for the pH dependence of the lattice spacing, but not for its variation at high ionic strength when produced by KCl. The decline in lattice spacing with increasing sarcomere length is gradual, in agreement with experiment except close to zero overlap and beyond, where the predicted abrupt reduction is not observed.
Osmotic pressure measurements provide a unique test of electrostatic models by compressing the lattice to the point where S1 heads will contact the actin filament. There is experimental support for weak S1-actin attachments in relaxing solutions, particularly at low ionic strength (10) , and the flexible nature of this attachment is supported by recent x-ray studies (27) . Intermittent weak attachment to a range of actin sites allows negative charge on S1 to Table 1 . (Inset) Behavior near zero filament overlap at 1800 nm; the critical spacing becomes unstable and the equilibrium spacing decreases sharply to 17.5 nm, stabilized only by myosin-myosin and actinactin interactions. (B) Binding energy per unit cell of the half-sarcomere, showing the total energy (solid line), the actin-myosin contribution (longdashed line), the actin-actin contribution (medium dash), and the myosinmyosin contribution (short dash). The actin-myosin energy is strictly proportional to filament overlap length, whereas the relative proportions of A-M, A-S1, and M-S1 contributions (Fig. 2 B) remain unchanged. Homo-filament energies are independent of the amount of overlap.
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However, the extended electrostatic model requires a gross simplification of the actual distribution of charges on myosin heads. The virtual-cylinder approximation for S1 heads does not properly represent the radial and axial distributions of S1 charge in the half-sarcomere. Moreover, there is no justification for assuming that van der Waals interactions between S1 heads and filaments are generated by the virtual cylinders used for S1 charge and associated Coulomb interactions. Thus, it is not surprising that this model does not predict some details of osmotic compression data with sufficient accuracy.
The predicted pressure bump is not quite big enough, and can be increased only by parameter changes that raise the zero-pressure spacing d o above what is observed. The model also treats filament radii and charge densities as fixed parameters, but they can be modulated by the ionic strength and chemical composition of the bathing solution (1). Perhaps filament swelling might account for the lack of satisfactory data-fitting at high pressures. Our model also ignored the interfacial binding energy associated with weak S1-actin attachments, relative to long-range electrostatic and van der Waals interactions; its predictions are not expected to change substantially if the A-S1 potential in Fig. 2 A had a step decrease at d ¼ d c .
Our conclusion is provisional because more modeling is required to predict the observed expansion of the lattice with ionic strength, as observed above 0.1 M in frog fibers. Although there are encouraging signs that this effect can be produced by the binding of anions such as Cl À to sites on the motor domain of S1 heads, a quantitative demonstration is necessary. The simplest model capable of doing this would be one with separate virtual cylinders for native S1 charge and chloride charges on S1. To achieve sufficient chlorideinduced expansion of the lattice, native charge would need to be much closer to the head-rod junction (between S1 and myosin subfragment 2) than bound chloride ions; charges on the regulatory myosin light chains would correspond to l c~5 nm, the value that generates optimal fits to osmotic pressure data from three different laboratories. Alternatively, Bartels and Elliott (12) have argued that the S1 head carries very little native charge but the S2 rod is highly charged. In that case, l c ¼ 0 and there would be no charge shift associated with osmotic compression in the absence of bound chloride.
The extended electrostatic model reveals the extreme sensitivity of the muscle lattice to the charge distribution on myosin heads, which is a function of solution conditions and associated ionic binding. Interestingly, this behavior is matched by the sensitivity of experimental measurements of lattice spacing. The variability of experimental data from different laboratories, with the same fiber type and solutions of similar pH and ionic strength, appears to be a consequence of the chemical composition of the bathing solutions. Such variations are particularly marked in osmotic pressure data, for example in Fig. 3, A and B . Comparisons are also limited by the quality of the data, which may reflect the difficulties of lattice-spacing measurements in skinned relaxed fibers with sarcomere inhomogeneities. The combination of these factors poses unique difficulties for modeling; our fits to experimental data provide illustrations of how a more refined model might perform.
The lack of sufficient binding energy from electrostatic interactions appears to be endemic to electrostatic models, particularly if the magnitude of actin charge density is as low as 4.6 e/nm as required to fit the osmotic data of Umazume and Kasuga (16) . In Fig. 5 B, the binding energy per unit cell of the half-sarcomere is 5.1 zJ at full filament overlap (L < 1050 nm), dropping to 2.2 zJ at zero overlap (L ¼ 1800 nm) from actin-actin interactions and a much reduced lattice spacing.
Such minimal binding implies that the skinned fiber would be prone to dissociation at its surface, where there are fewer interactions between the filaments. Thus, it is of interest to ask what mechanisms stabilize the lattice at lengths beyond zero overlap, where the A-band and I-band lattices are physically separated and have separate electrostatic interactions. If the only filament interactions were electrostatic, these lattices would be easily disrupted by thermally induced fluctuations, so it seems likely that they are stabilized by radial structures-the A-band lattice by the M-band and the I-band lattice by the Z-line. A general argument for the role of connecting structures in filamentary assemblies is given in Smith (8) .
A more fundamental question is what keeps the A-band and Z-line lattices in register, so that actin filaments can interdigitate between the same myosin filaments when the sarcomeres are shortened from beyond zero overlap. This kind of stability must be due to connecting filaments, notably titin, between myosin filaments and the Z-line, which hold considerable tension at the zero-overlap length. Predictions of electrostatic models at long sarcomere lengths will require the inclusion of connecting filaments, and these questions will be explored in a later article.
